Summary: Mechanisms involved in the postischemic delay in neuronal recovery or death in rat hippocampus were evaluated by light and electron microscopy at 3, IS, 30, and 120 min and 24, 36, 48, and 72 h following severe cerebral ischemia that was produced by permanent oc clusion of the vertebral arteries and 3D-min occlusion of the common carotid arteries. During the early post ischemic period, neurons in the Cal and Ca3 regions both showed transient mitochondrial swelling followed by the disaggregation of polyribosomes, decrease in rough en doplasmic reticulum (RER), loss of Golgi apparatus (GA) cisterns, and decrease in GA vesicles. Recovery of these organelles in Ca3 neurons was first noted between 24 and 36 h and was accompanied by a marked proliferation of
The hippocampus in humans (Brierly, 1976) and in experimental animals (Ito et aI., 1975; Pulsinelli et aI. , 1982a) responds in a unique way to cerebral ischemia. Neurons in the Cal region (Sommer's sector) are selectively vulnerable to ischemia, whereas neurons in the Ca3 region are relatively resistant. Furthermore, the vulnerable Cal neurons often show a delayed development of morphologi cally obvious cell death following reversible isch emia in animals. This maturation phenomenon was demonstrated by Ito et aI. (1975) in the gerbil, and is preceded by proliferation and subsequent dilata tion of endoplasmic reticulum (Kirino, 1982) . De layed neuronal death in the hippocampus also oc-curs following four-vessel occlusion in the rat. In this model severe neuronal death develops in the striatum by 24 h but does not develop in the Cal region of the hippocampus until 72 h after ischemia (Pulsinelli et aI., 1982a) The mechanisms responsible for delayed neu ronal death in Cal neurons are unclear, and it is not certain whet h er these cells are irreversibly damaged by the ischemic insult or whether they initially re cover and later are destroyed by a second insult prior to death. In the present study, the ultrastruc tural changes in the vulnerable Cal and resistant Ca3 neurons were examined and compared during the early (3-120 min) and late (24-72 h) post ischemic periods. A rat model of transient (30-min) four-vessel occlusion was used in which cerebral blood flow decreases to <3% of control levels in the cortex, striatum, and hippocampus in animals meeting established criteria (Pulsinelli et aI. , 1982b) . In addition, cell death occurs in virtually all small-and medium-sized neurons in the dorsolat-eral striatum by 24 h and in the majority of Cal neurons by 72 h, but irreversible damage to neurons in the paramedian cortex and Ca3 region is absent or rare (Pulsinelli et al., 1982a) .
MATERIALS AND METHODS
Cerebral ischemia was produced in male Wistar rats weighing between 250 and 300 g as described previously (Pulsinelli and Brierley, 1979) . Following induction of an esthesia with 2% halothane, the vertebral arteries were cauterized within the alar foramina, and the carotid ar teries were isolated and loosely surrounded by atraumatic clasps. The animals were fasted overnight and on the fol lowing day the carotid arteries were occluded for 30 min after local infiltration of the neck with Xylocaine. Phys iological monitoring was not done since our previous studies have shown that mean arterial blood pressure re mains constant during and after the ischemic insult, al though there is a mild rise in P a02 and fall in Paco2 during the ischemia, with a return to control levels at 5 min after ischemia (Pulsinelli et aI., 1982b) . Animals were excluded from the study if they failed to remain completely unre sponsive during the 30-min period of ischemia or if they developed clinically evident seizures during the post ischemic period. After release of the carotid clasps, the animals were allowed to survive 3, 15, 30, and 120 min and 24, 36, 48, and 72 h. Normal body temperature was monitored and maintained during and after ischemia. The rats were perfused-fixed at 120 mm Hg through the as cending aorta with a 30-s saline wash followed by 6.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, 918 mOsmol. The animals were decapitated, the heads placed in fixative, and the brains removed after 2 h or on the following day. The hippocampus was dissected and 1-mm-thick coronal sections from the Cal and Ca3 regions were dehydrated through graded alcohols and embedded in Epon. Sections 1 /Lm thick were cut with a Sorvall ultramicrotome and stained with 1% toluidine blue. Ul trathin sections from Cal and Ca3 were cut, stained with lead citrate and uranyl acetate, and examined with a JEOL 100S electron microscope.
The relative distribution of light and electron micro scopic (LM; EM) neuronal changes was estimated in Cal and Ca3 regions in each animal by counting all neurons from a representative I-/Lm-thick slide (for LM) and pho tographing and evaluating all neurons contained in the subsequent ultrathin section (for EM); The neuronal changes in Cal neurons were more variable than in Ca3 neurons, especially during the late reperfusion period, and intermediate types of neurons were assigned to the most representative category. Normal animals served as controls. There were four animals per group in the con trols and in the experimental groups at 3, 15, 30, and 120 min; three animals per group at 24, 48, and 72 h; and two animals at 36 h.
RESULTS

Ca3 resistant neurons
Controls. One-micron plastic-embedded sections showed normal structure upon LM. The tissue was well fixed and the capillaries free of blood.
By EM, the ultrastructure ( Fig. 1 ) appeared similar to that in previous reports of normal brain neurons (Peters et al., 1976) . The cytoplasm contained nu merous polyribosomes and abundant cisterns of rough endoplasmic reticulum (RER) often arranged in small parallel stacks. Golgi apparatus (GA) con tained scattered vesicles and parallel stacks of empty cisterns. Mitochondria had a relatively elec tron-dense matrix and narrow intracristal spaces. Bundles of neurotubules were often circumferen tially arranged around the nucleus. Cerebral ischemia: 3-min reperfusion. As seen upon LM, cytoplasmic microvacuoles (MVs) were present in 37% of all neurons (range 1-71%). MV s were present in the perivascular neuropil around 2.4% of the vessels in the stratum radiatum and 1.7% of the vessels in the stratum oriens.
As determined by EM, all neuronal cell bodies and many neuronal processes contained swollen mi tochondria characterized by expanded electron-lu cent matrix and partial or total loss of cristae. Mi tochondrial densities were not present. Marked mi tochondrial swelling was found in three of four animals and corresponded to the MV s seen with LM. Golgi cisterns formed whorls as well as parallel stacks and small non-membrane-bound clearings often were present. RER cisterns were mildly di lated. Polyribosomes and neurotubules were unre markable.
Cerebral ischemia: 15-, 30-, and l20-min reper fusions. Upon LM, >95% of the neurons appeared normal. Rare neurons contained MV s, exhibited early cell shrinkage with increased cytoplasmic staining, or showed ischemic cell change with shrunken, darkly stained cytoplasm, pyknotic nu clei, and dilated peri neuronal spaces.
Upon EM, all neurons at 15 min and more than two-thirds of the neurons at 30 and 120 min had loss of polyribosomes, absence of Golgi cisterns, and a decrease in the number and length of RER cisterns. GA consisted of small or large groups of vesicles that occasionally were dilated. Mitochondrial swelling was absent. Rare neurons had an electron lucent cytoplasm in which were clustered polyri bosomes, RER, Golgi cisterns, mitochondria, and neurotubules. Increased lucency and dilatation were associated with a decrease in or absence of neurotubules.
Cerebral ischemia: 24-, 36-, and 48-h reperfu sions. By LM, virtually all neurons appeared sim ilar to controls.
Upon EM, most neurons (91.4%) contained normal-appearing GA with cisterns as well as ves icles. Polyribosomes were absent in neurons at 24 h but present in 37% of cells at 36 h and in �90% at 48 and 72 h. Collections of short, branching tu- bular profiles resembling smooth endoplasmic retic ulum (SER) and containing amorphous electron dense material were observed. These collections were found in 90% of neurons at 24 and 36 h, 70% at 48 h, and 8.5% at 72 h (Fig. 2) . Neurons similar to controls accounted for 25% of cells at 48 h and 90% at 72 h. Diffuse hippocampal necrosis that in cluded Ca3 as well as Cal neurons was present in one 72-h animal; this animal was not included in the above tabulations.
Summary oj results jor Ca3 neurons. Ta ble 1 summarizes the estimated distribution of neuronal changes in Ca3 neurons at each reperfusion time.
One-third of the Ca3 neurons contained MV s at 3 min of reperfusion, but at subsequent time periods >95% of the neurons appeared unremarkable with LM.
Profound alterations in subcellular organelles were seen with EM, despite normal appearance with LM. The changes were uniform among animals and were closely related to the duration of reper fusion. Initial mitochondrial swelling at 3 min was transient and was followed within 15 min by dis aggregation of polyribosomes, decreases in the number of RER cisterns, and loss of Golgi cisterns
with replacement by collections of small vesicles. At 24, 36, and 48 h, GA again contained cisterns as well as vesicles. Polyribosomes reappeared be tween 36 and 48 h. Proliferations of tubular profiles resembling SER were present in >90% of neurons at 24 and 36 h, and the subsequent decrease in neu rons containing proliferated SER at 48 and 72 h was associated with an increase in normal-appearing neurons at these times.
Cal vulnerable neurons
Controls. Upon LM, I-J..L m plastic-embedded sec tions were unremarkable.
Upon EM, the ultrastructural appearance was similar to that in previous reports of normal brain neurons (Peters et aI., 1976) and to that of the con trol Ca3 neurons described above.
Cerebral ischemia: 3-min reperjusion. As seen by LM, cytoplasmic MVs were present in 8.5% of Cal neurons (range 0.7-10.9%). Perivascular MVs were present around 7.6% of the vessels in the stratum oriens, 15.0% in the stratum radiatum, and 2.6% in the stratum moleculare.
By EM, mitochondria in many neurons and den dritic processes were seen to be mildly to moder-
Ca3 neurons, 24 h after ischemia. a: Two neurons (nucleus of one is at top left) contain groups of short, branching, smooth-walled tubular profiles containing variable amounts of electron-dense material (arrows). x 10,000. b: Higher magnification shows two groups of the short, tubular profiles (arrows). Golgi apparatus (G) contains parallel stacks of curved cisterns. Rough endoplasmic reticulum and polyribosomes are still decreased. x 21 ,000. b Histological types as follows: I, normal (or without detectable abnormalities); 2, microvacuoles; 3, cyto plasmic dilatation, mild shrinkage, or ischemic cell change.
C Histological types as follows: I, normal (or without detectable abnormalities); 2, swollen mitochondria, normal Golgi, rough endoplasmic reticulum (RER), polyribosomes; 3, absent polyribosomes, variable decrease in RER, loss of Golgi cisterns, normal mitochondria; 4, Golgi cisterns and vesicles, large groups of tubovesicular profiles (A, absent polyribosomes, reduced RER; B, polyribosomes present); 5, dilated, electron-lucent cyto plasm with groups of normal organelles.
ately swollen. RER and Golgi cisterns were slightly dilated. Polyribosomes and neurotubules were un remarkable.
Cerebral ischemia: 15-, 30-, and 120-min reper fusions. In LM, MVs were present in 8% of the neurons in one 15-min animal and absent at 30 min and 120 min. Neurons with early cell shrinkage or ischemic cell change were rare.
As seen by EM, all neurons had markedly re duced or absent polyribosomes, decreased amounts of RER, and absent Golgi cisterns. Swollen mito chondria were infrequent.
Cerebral ischemia: 24-h reperfusion. Upon LM, the majority of the neurons were observed to be unremarkable. In one animal a few neurons con tained small cytoplasmic clefts.
By EM, the majority (87%) were similar to those seen at 120 min. Small and large non-membrane bound cytoplasmic clefts arising from focal swell ings of RER cisterns were present in �25% of these cells (Fig. 3) , and were similar to those present in postischemic Cal neurons in gerbil brain (Kirino, 1982) . A few neurons showed recovery of Golgi cis terns, polyribosomes, and RER and often demon strated focal constrictions and shrinkage of their proximal dendrites (Fig. 4) .
Cerebral ischemia: 36-h reperfusion. In LM, 90% of the neurons in animal no. 1 and 50% in animal no. 2 had a peripheral rim of pale cytoplasm (pe-
ripheral chromatolysis). The nuclei of these cells occasionally were eccentric and indented. The re maining neurons showed ischemic cell change or early cell shrinkage.
As seen by EM, most neurons had a perinuclear clustering of organelles with a peripheral rim of empty, relatively electron-lucent cytoplasm (Fig. 5 ). Eccentric nuclei with clustering of the organelles at the nuclear hilum occasionally were observed. Con striction and shrinkage of proximal dendrites and axons were present in a few of these cells (Fig. 5) . Approximately 30% of the neurons with peripheral chromatolysis from animal no. 2 showed recovery of Golgi cisterns, RER, and polyribosomes. RER swellings and cytoplasmic clearing were present in some cells (Fig. 6) .
Fourteen percent of neurons showed cell death manifested by ischemic cell change or cell fragmen tation. Neurons with ischemic cell change showed changes as initially described by Brown and Brierley (1972) , with shrunken, electron-dense cy toplasm, pyknotic, fragmented nuclei, and mark edly dilated perineuronal astrocytic processes. Neurons with cell fragmentation contained perinu clear clumps of electron-dense, cytoplasmic debris and markedly dilated peripheral cytoplasm with dis rupted plasma membranes. The nuclear chromatin was clumped but the nuclear membrane was rela tively preserved. Cerebral ischemia: 48-and 72-h reperfusions.
Upon LM, cell fragmentation with pale granular cy toplasm and fragmented nuclei was found in 49 and 67% of the neurons at 48 and 72 h, respectively. The remaining cells showed either early cell shrinkage or ischemic cell change. It was not possible to photograph all neurons under EM, since many were extremely fragmented and difficult to identify clearly. Approximately 60% of the neurons showed cell fragmentation or isch emic cell change. The remaining 40% contained polyribosomes, RER, and Golgi cisterns, but had moderate to marked peripheral dilatation of the cy toplasm or massive swelling of RER and accumu lations of amorphous cytoplasmic debris. The prox imal neuronal processes occasionally were con stricted and electron dense (Fig. 7) .
Summary of results for Cal neurons. Ta ble 2 summarizes the estimated distribution of neuronal changes in Cal neurons at each reperfusion period.
The changes in Cal neurons were similar to those seen in Ca3 neurons during the first 120 min of re perfusion, although the transient mitochondrial
swelling was milder and less frequent in Cal neu rons and more prominent within the neuropil and around blood vessels.
Cal neurons clearly were distinguishable from Ca3 neurons at 24 h of reperfusion by: (1) the ab sence of the tubular profiles found in >90% of Ca3 cells; (2) constriction and shrinkage of proximal neuronal processes; and (3) peripheral chromato lysis and focal swelling of the RER, which resulted in large cytoplasmic clefts.
Between 24 and 48 h, polyribosomes and Golgi cisterns reappeared. At 48 and 72 h, cell death oc curred with increasing frequency and appeared to develop by two mechanisms:
(1) Ischemic cell change was preceded by pro gressive shrinkage of the neurons, some of which showed restoration of Golgi cisterns and polyribo somes.
(2) Cell fragmentation was preceded by periph eral chromatolysis, massive RER swelling, and/or marked peripheral cytoplasmic swelling. Most of these neurons contained Golgi cisterns and polyri bosomes. Constriction and shrinkage of proximal neuronal processes occurred in some of these cells. It was not possible to determine whether or not there were transitions between cells with cell frag mentation and those with ischemic cell change.
DISCUSSION
The postischemic ultrastructural changes in re sistant and vulnerable hippocampal neurons ini tially were similar to those seen elsewhere in the brain, but the subsequent evolution of cell recovery or cell death differed markedly. Tr ansient mito chondrial swelling followed by the disaggregation of polyribosomes, the disappearance of Golgi cis terns, and a reduction in the number and length of RER cisterns occurred within the first 2 h of recir culation in Ca3 and Cal neurons. These changes were identical to those present during the early post ischemic period in resistant cortical neurons and vulnerable striatal neurons exposed to the same ischemic insult (Petito and Pulsinelli, 1984) . Pre vious studies of hypoxia-ischemia and reversible re gional or global ischemia in rodents, cats, and pri mates also have shown early mitochondrial swelling (McGee-Russell et aI. , 1970; Arsenio-Nunez et aI. , 1973; Levy et aI. , 1975; Garcia et aI. , 1977; Gins berg et aI., 1979; Jenkins et aI. , 198 1; Kalimo et aI., 198 1) and disaggregation of polyribosomes (Brown and Brierley, 1972; Arsenio-Nunez et aI., 1973; Hartman and Becker, 1973; Shay and Gonatas, 1973; Kalimo et aI., 1977; Garcia et aI., 1983) .
Resistant Ca3 neurons showed a delayed re covery of normal organelles; Golgi cisterns were not present until 24 h after ischemia, and polyri bosomes did not appear until 36 h. In contrast, the resistant cortical neurons showed some recovery by 2 h, and all appeared normal by 24 h (Petito and Pulsinelli, 1984) . Physiological and metabolic pa rameters during and after ischemia were similar in these two areas and did not explain the lag in Ca3 recovery. Tr ansient postischemic hyperemia was followed by hypoperfusion for at least I h in the hippocampus and 6 h in the cerebral cortex. Re gional glucose metabolism was depressed for at least 48 h in the paramedian cortex and for 24 h in the Ca3 hippocampus (Sommer's sector) (Pulsinelli et aI. , 1982b) . The blood-brain barrier to macro molecules remained intact, and the regional water FIG. 6 . Ca1 neuron, 36 h after ischemia. This neuron contains rough endoplasmic reticulum, polyribosomes, and Golgi cisterns, but the rough endoplasmic reticulum cisterns are dilated and continuous with marked cytoplasmic swellings. x 13,500.
content of the hippocampus and cerebral cortex was not increased (Petito et aI., 1982) .
Ca3 neurons were further distinguished from cor tical neurons by the accumulation of smooth-walled tubular profiles that preceded recovery in Ca3 cells but was not present in cortical neurons at 2 and 24 h (Petito and Pulsinelli, 1984) and 8 h (Petito, un published data) after ischemia. These profiles most closely resemble the branching, anastomosing tu bules of SER, which normally are sparse in neu ronal cell bodies (Peters et aI., 1976) . The stimulus for the postischemic SER proliferation is unclear, but it may be related to abnormalities in fast axonal transport for the following reasons: SER is the an atomic pathway for fast axonal transport of proteins and macromolecules (for review, see Rambourg and Droz, 1980) ; it proliferates in some neurons fol lowing axonal cut (Matthews, 1975) ; it accumulates in the proximal axonal segment following blockade of fast axonal transport by drugs (Byers, 1974) , mild mechanical pressure (Droz et aI., 1975) , or reduc tion of intracellular calcium (Lindsey et aI., 1981) . Lastly, severe ischemia profoundly affects fast ax onal transport. Complete anoxia results in a revers ible block in fast axonal transport in the peripheral
nervous system (Ochs, 1974) , and lacewicz and Levy (1980) have demonstrated the reversible in hibition of fast axonal transport in the central ner vous system (optic nerve) following severe cerebral ischemia.
The mechanisms leading to the death of the vul nerable Cal neurons differed from those previously seen elsewhere in the brain. First, many Cal neu rons showed recovery of normal organelles be tween 24 and 48 h after ischemia prior to the de velopment of subsequent cell death. Second, neu ronal death often was preceded by the progressive swelling of RER cisterns, marked cytoplasmic di latation, and peripheral chromatolysis. Third, focal constrictions and shrinkage of the proximal axon or dendrites were present in Cal neurons prior to de tectable death of the neurons themselves. In con trast, ischemic neuronal death in striatal and cor tical neurons develops by the progressive shrinkage and the increased electron density of cytoplasm and nucleus, as first described by Brierley and co workers (McGee-Russell et aI., 1970; Brown and Brierley, 1972) . The structural recovery of cell or ganelles other than mitochondria is not seen; rather, cell shrinkage and death are preceded by dilatation FIG. 7 . Ca1 neuron, 72 h after ischemia. The cytoplasm of the cell body at the left is dilated but contains rough endoplasmic reticulum and polyribosomes. The proximal dendrite is focally constricted and shrunken (arrow) and the neurotubules are closely packed together. The dendritic cytoplasm beyond the constriction contains rough endoplasmic reticulum and polyri bosomes. x 10,300.
of Golgi vesicles and abnormalities in the neuronal plasma membrane (Petito and Pulsinelli, 1984) . Dif fe rences in physiological and metabolic parameters do not explain the temporary recovery or the delay in cell death in Cal neurons (Petito et aI. , 1982; Pulsinelli et aI., 1982b; Pulsinelli and Duffy, 1983) . The secondary fall in high energy metabolites and rise in glucose utilization in the Cal region are de layed for 48 h and parallel the late development of cell death in the hippocampus.
Focal constrictions of proximal neuronal pro cesses have not previously been described, al though some of the ultrastructural changes preceding cell death in Cal neurons have been seen in other models of ischemia. Peripheral chromato lysis of Cal neurons is present in postischemic gerbil hippocampus, where it has been called "reac tive change" (Bubis et aI., 1976) or "selective chro matolysis" (Brown et aI., 1979) ; it has been consid ered to represent irreversible injury to these neu rons. Neurons with dilated, electron-lucent cytoplasm, the absence of polyribosomes, and a de crease in RER have been described in hypoglycemia (Nicholson et aI., 1977; Kalimo et aI. , 1980) and following cerebral ischemia in primates (Garcia et al. , 1983) and gerbils (Hartman and Becker, 1973) . Although this is considered to be a reversible change in hypoglycemia (Kalimo et aI. , 1980; Agardh et aI., 1981) , it clearly is not reversible in postischemic Cal neurons in the present model. This study suggests that delayed cell death in Cal neurons is related in part to abnormalities in their axons and dendrites for several reasons. First, the initial structural recovery of neuronal organelles is present in many neurons at 24 h after ischemia. Second, the focal constriction and shrinkage of proximal dendrites and axons were observed in some neurons at 24, 36, and 48 h after ischemia. Third, the peripheral chromatolysis, cytoplasmic dilatation, and vacuolization containing frag mented, granular cytoplasmic debris resemble those changes seen in the evolution of cell death of central neurons following axonal cut (Matthews, 1975) . Although the distal axons and dendrites within the striata oriens, radiatum, and moleculare in our animals appeared to degenerate along with or following degeneration of Cal perikarya, Ek strom von Lubitz and Diemer (1982) found early abnormalities of the distal dendrites of Cal neurons following 10 min of complete cerebral ischemia in the rat. We therefore hypothesize that postischemic ab normalities in axons and dendrites are reversible in resistant Ca3 neurons, but are irreversible in vul nerable Cal neurons. Although transient mitochon drial swelling occurred in the strata oriens, ra diatum, and moleculare of both Ca3 and Cal , this change was more severe in the neuropil of the Cal region. This finding suggests that greater ischemic damage occurs in Cal neurites, which may even tually result in irreversible damage to the proximal dendrites and axons, with secondary death of the cell body.
